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Description 



THIN CHANNEL FET WITH RECESSED 
SOURCE/DRAINS AND EXTENSIONS 

Background of Invention 

[0001] The present invention is related to semiconductor devices 
and manufacturing and more particularly to high perfor- 
mance field effect transistors (FETs) and methods of man- 
ufacturing high performance FETs. 

[0002] Typical semiconductor integrated circuit (IC) design goals 
include high performance and density at minimum power. 
To minimize semiconductor circuit power consumption, 
most ICs are made in the well-known complementary in- 
sulated gate field effect transistor (FET) technology known 
as CMOS. A typical CMOS circuit drives a purely or nearly 
pure capacitive load and includes paired complementary 
devices, i.e., an n-type FET (NFET) paired with a corre- 
sponding p-type FET (PFET), usually gated by the same 
signal. Performance depends upon how fast the CMOS cir- 
cuit can charge and discharge the capacitive load, i.e., the 



circuit's switching speed. Since the pair of devices have 
operating characteristics that are, essentially, opposite 
each other, when one device (e.g., the NFET) is on and 
conducting (modeled simply as a closed switch), the other 
device (the PFET) is off, not conducting (ideally modeled 
as a simple open switch) and, vice versa. Thus, ideally, 
there is no static or DC current path in a typical CMOS cir- 
cuit and the circuit load switches as fast as one switch can 
be closed and the other opened. 
[0003] a CMOS inverter, for example, is a PFET and NFET pair 

that are series connected between a power supply voltage 
(V ) and ground (CND). Both are gated by the same input 
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and both drive the same a capacitive load. At one input 
signal state the PFET is on pulling the output high, PFET 
on current charging the load capacitance to V .At the 
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opposite input signal state the NFET is on pulling the out- 
put low, NFET on current discharging the load capacitance 
back to ground. Device on current is related to gate, 
source and drain voltages and, depending upon those 
voltages, the device may be modeled as a voltage con- 
trolled current source or a resistor. Since series resistance, 
i.e., in the device drain or source, drops some voltage as 
current flows through the device, series resistances affect 



device voltages and so, affect (reduce) device current, 
slowing the charge or discharge of the capacitive load. 
The switch is open, i.e., the device is off, when the magni- 
tude of the gate to source voltage (V ) is less than some 
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threshold voltage (V t ) with respect to its source. So, ide- 
ally, an NFET is off below V t , and on, conducting current 
above V t . Similarly, a PFET is off when its gate is above its 
V t , i.e., less negative, and on below V t . 
[0004] Semiconductor technology and chip manufacturing ad- 
vances towards higher circuit switching frequency (circuit 
performance) and an increased number of transistors 
(circuit density) for more function from the same area 
have resulted in a steadily decreasing chip feature size 
and, correspondingly, supply voltage. Generally, all other 
factors being constant, the active power consumed by a 
given unit increases linearly with switching frequency. 
Thus, not withstanding the decrease of chip supply volt- 
age, chip power consumption has increased as well. Both 
at the chip and system levels, cooling and packaging costs 
have escalated as a natural result of this increase in chip 
power. 

[0005] Unfortunately, as FET features have shrunk, device leak- 
ages including gate leakages (i.e., gate to channel, gate to 



source or drain and gate induced drain leakage (GIDL)) 
and source/drain junction leakages have become pro- 
nounced. Collectively, these leakages are included in what 
is known as sort channel effects. In well known bulk tech- 
nologies, for example, short channel effects occur, in part, 
because dopant implanted in the device source/drain re- 
gions out-diffuses radially, such that source/drain regions 
extended below the device channels. This resulted in a 
buried leakage path between the source/drain regions 
and, in some cases in sub-surface channel shorts. Other 
leakage sources arise, for example, as the distance is re- 
duced between the source and drain junction barrier lay- 
ers, i.e., from reverse biased junctions. Typically, sub- 
threshold effects include what is known as subthreshold 
leakage current, i.e., current flowing drain to source (I ) 
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at gate biases below threshold for NFETs and above for 
PFETs. Further, for a particular device, subthreshold cur- 
rent increases with the magnitude of the device's drain to 
source voltage (V ) and inversely with the magnitude of 
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the device's V , drain induced barrier lowering. In addition 
to the leakage, short channel effects also include what is 
known as V roll-off, where the short channel device's 

T 

current-voltage (l-V) curve exhibits degraded definition. 



[0006] Lightly doped drains (LDD) are one approach to reducing 
short channel problems. Essentially, spacers are formed 
alongside FET gates at source/drain regions. The spacer 
blocks or attenuates implanting dopant at the gates, 
spacing the source/drain diffusions away from the gate. A 
lightly doped region, typically implanted prior to spacer 
formation, is formed between the heavier source/drain re- 
gions and the gate to complete the device. Unfortunately, 
these lightly doped regions add series resistance at the 
source and drain of each device, which reduces device 
currents and degrades circuit performance. Furthermore, 
as device channel lengths have shrunk well below one mi- 
cron (lum), subthreshold problems have become more 
pronounced and lightly doped drains does not solve those 
problems. 

[0007] short channel effects improve inversely with body thick- 
ness. So, sub-threshold leakage and other short channel 
effects have been controlled and reduced in silicon on in- 
sulator (SOI), by thinning the surface silicon layer, i.e., the 
device layer. In what is commonly referred fully depleted 
(FD) SOI on an ultra-thin SOI wafer, the silicon layer is less 
than 50nm. Ultra-thin SOI is the leading candidate to con- 
tinue scaling gate to deep sub 40nm and beyond. Ultra- 



thin SOI devices operate at lower effective voltage fields. 
As a result, the devices can be doped for higher mobility, 
which in turn increases device current and improves per- 
formance. Also, ultra-thin SOI devices have a steeper sub- 
threshold current swing with current falling off sharply as 

V drops below V . Unfortunately, however, because 
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source/drain regions are made from the same ultra-thin 
SOI layer, devices have higher external resistance. 
[0008] so, to reduce this ultra-thin SOI device external resis- 
tance, the semiconductor surface layer is selectively thick- 
ened, e.g., using selective epitaxial silicon growth, to pro- 
duce raised source and drain (RSD) regions. The raised 
source/drain regions have a larger cross-sectional area 
and so, lower resistance per unit area (sheet resistance) 
and so, are effective in overcoming the external resistance 
problem. Unfortunately, raised source/drains above the 
silicon layer surface places parallel surface areas at each 
side of the gate, requiring gaps at gate sidewalls (e.g., 
spacers) to prevent shorts and, simultaneously causing 
increased parasitic gate capacitance between the gate and 
the RSD regions. For example, 30 nanometer (30nm) RSD 
regions may increase overlap capacitance for an ultra-thin 
(~10nm) FETwith lOnm sidewall spacers as much as 25 



50 % (0.08 0.2 femtoFarads (fF) per micron of width) de- 
pending upon spacer material. Further, the sidewall spac- 
ers add to device area, preventing RSD regions from being 
placed at the channel ends. Thus, RSD requires a trade-off 
between reducing external resistance and accepting in- 
creased parasitic capacitance. 
[0009] Both U.S. Patent No. 6,420,218 Bl to Yu, entitled "Ultra- 
Thin Body SOI MOS Transistors Having Recessed Source 
And Drain Regions"and U.S. Patent No. 6,437,404 Bl to 
Xiang et al., entitled "Semiconductor-on Insulator Transis- 
tor with Recessed Source and Drain"teach recessed 
source/drain regions as an approach to avoiding or re- 
ducing parasitic capacitance. Unfortunately, both Xiang et 
al. tolerates resistive extensions that connect the device 
channel to the recessed source/drain regions and that 
function similarly to LDD, adding series source/drain re- 
sistance. Yu teaches forming an ultra-thin channel on de- 
fined source/drain recesses and the FET gate between the 
source/drain recesses, two layer below. Since Yu aligns 
the gate to the source/drain recess, i.e., because Yu"s de- 
vices are not self aligned, Yu produces FETs with a rela- 
tively wide process variation (i.e., channel length and 
source/drain overlap), which results in wider spread for 



circuit performance, i.e., deviation beyond a nominal de- 
sign point by a significantly larger number of circuits/ 
chips. Thus, previously, one was faced with accepting par- 
asitic device capacitances, series channel resistances and/ 
or looser design tolerances. 
[0010] Thus, there is a need to reduce external resistance for ul- 
tra-thin SOI devices and while minimizing device on resis- 
tance. 
Summary of Invention 

[° 011 ] It is a purpose of the invention to improve ultra-thin SOI 
performance; 

[0012] it i S another purpose of the invention to reduce ultra-thin 
SOI device external resistance; 

[0013] it is yet another purpose of the invention to reduce exter- 
nal resistance in ultra-thin SOI devices without increasing 
device parasitic capacitance. 

[0014] The present invention relates to a field effect transistor 
(FET), integrated circuit (IC) chip including the FETs and a 
method of forming the FETS. The devices have a thin 
channel, e.g., an ultra-thin (smaller than or equal to 10 
nanometers (10nm)) silicon on insulator (SOI) layer. 
Source/drain regions are located in recesses at either end 
of the thin channel and are substantially thicker (e.g., 



30nm) than the thin channel. Source/drain extensions and 
corresponding source/drain regions are self aligned to the 
FET gate and thin channel. 
Brief Description of Drawings 

[0015] The foregoing and other objects, aspects and advantages 
will be better understood from the following detailed de- 
scription of a preferred embodiment of the invention with 
reference to the drawings, in which: 

[0016] Figures 1A - C, each show an example of a preferred em- 
bodiment field effect transistor (FET) according to the 
present invention; 

[0017] Figure 2 shows a flow diagram example of steps for form- 
ing FETs with self aligned recessed extension and source/ 
drain (ESD) areas on an ultra-thin SOI wafer according to a 
preferred embodiment of the present invention; 

[0018] Figure 3 shows cross section of an SOI bonded wafer; 

[0019] Figures 4A - C show an example of device definition step; 

[0020] Figures 5A - C show an example of defining and sealing 
the ultra-thin channels before forming the recessed ESDs; 

[0021] Figures 6A - B show an example of undercutting the ul- 
tra-thin layer for forming the recessed ESDs; 

[0022] Figure 7 shows an example of filling source/drain voids to 



form the recessed source/drain extensions; 
[0023] Figure 8 shows removal of the remaining protective layer 
for subsequent typical semiconductor processing steps. 
Detailed Description 

[0024] Turning now to the drawings and, more particularly, Fig- 
ures 1A - C, each show an example of a field effect tran- 
sistor (FET) 100, 102, 104 with self aligned recessed 
source/drain regions and extensions according to a pre- 
ferred embodiment of the present invention with like ele- 
ments labeled identically. In particular, FETs 100, 102, 
104 may be typical devices in a circuit, such as a CMOS 
circuit on an ultra-thin (smaller than or equal to 15 
nanometers (10nm)) semiconductor on insulator (SOI) 
CMOS chip. 

[0025] so, in the FET 100 example of Figure 1A, a gate 106 has 
spacers 108 at each side. Preferably, the gate 106 is 
polysilicon, a metal, silicon-germanium (SiGe), a silicide or 
combination thereof and the spacers 108 are nitride. The 
gate 106 is on a gate dielectric layer 110 (e.g., oxide) 
above an ultra-thin channel 112, an ultra-thin semicon- 
ductor layer of strained silicon (SSi), Germanium (Ge), SiGe 
or, preferably, silicon (Si). The ultra-thin channel 112 is 
less than 40nm long and, preferably, 2-3 times channel 



thickness or 30nm. Recessed source/drain regions 114 
are formed on both ends of the ultra-thin channel 112. 
The gate 106 has no appreciable direct overlap with the 
recessed source/drains (ESDs) 114, which have essentially 
uniform thickness. The source/drain regions 114 extend 
into the insulator (e.g., oxide) layer 116 at least 5nm and, 
preferably 20 - 30nm, below the ultra-thin silicon channel 
112 for an overall source/drain thickness of 50 70nm. In 
this embodiment, the extensions inherently form in either 
end of the channel 112, such that the device 100 is self 
aligned to the recessed source/drain regions 116 and ex- 
tensions. The extensions operate to minimize short chan- 
nel effect, so that high resistance lightly doped drains 
(LDD) regions are unnecessary and so, both device resis- 
tance and overlap capacitance minimized. 
[0026] | n the FET 102 example of Figure IB, self-aligned exten- 
sions 118 are formed at either end of the channel 112' 
where the gate 106 overlaps the source/drain recesses 
114, which also has essentially uniform thickness, e.g., 50 
70nm. Again, since the gate 106 overlaps the self aligned 
extensions 118, series channel resistance is minimized. In 
the FET 104 example of Figure 1C, self-aligned exten- 
sions 119 are also formed at either end of the channel 



112" where the gate 106 overlaps the source/drain re- 
cesses 114'. However, in this example, but the source/ 
drain recesses 114' have a non-uniform, stepped thick- 
ness, being slightly thinner at extensions 119. 
[0027] Figure 2 shows in a flow diagram 120 an example of steps 
for forming self aligned FETs (e.g., 100) on an ultra-thin 
SOI wafer with recessed ESD areas 114 according to a pre- 
ferred embodiment of the present invention. Beginning 
with a wafer 122, device regions are formed in step 124 to 
identify where devices located, e.g., patterning gates 106 
at device regions and isolating device regions using shal- 
low trench isolation (STI). Trenches extend through the 
thin silicon surface layer and into the underlying layers at 
least to the depth equal to the desired thickness of the 
ESDs 114 and preferably to an underlying semiconductor 
substrate. An isolating material, e.g., nitride is deposited 
to fill the trenches. The trench material holds the gate and 
the channel layer in place during subsequent processing 
steps. Next, in step 126 source/drain areas are defined 
for forming the ESDs 114. In step 128 the source/drain 
areas are undercut, opening orifices that extend into the 
underlying insulation layer 116. In step 130 source/drain 
areas 114 are filled with semiconductor material, e.g., sil- 



icon, and device fabrication continues normally, e.g., 
source/drain implant and diffusion, metallization and etc. 

[0028] Figures 3-7 show a first preferred embodiment method 
140 of forming FETs with self aligned ESD areas on an ul- 
tra-thin SOI wafer, e.g., as provided in step 120 of Figure 
2. So, Figure 3 shows the cross section of the SOI wafer 
140 which is a bonded wafer with a semiconductor sub- 
strate 142, preferably silicon and may be SSi, Ge, SiGe, or 
strained silicon/silicon germanium (SSi/SiGe). An insulator 
layer 144 (preferably oxide) separates a sacrificial layer 
146 (preferably a 50nm layer of undoped silicon), from 
the semiconductor substrate 142. A thin insulator layer 
148 (preferably, a 50nm nitride layer) separates the ultra- 
thin channel layer 150 from the sacrificial layer 146. 

[0029] Figures 4A - C show an example of device definition step 
124. Figure 4A shows a plan view with cross sections 
through BB and CC shown in Figures 4B and 4C, respec- 
tively. So, a gate dielectric or oxide layer 152 is formed on 
the ultra-thin channel layer 150. The gate dielectric layer 
152 may be an oxide, oxynitride or any suitable hi-K di- 
electric material layer and, for simplicity of discussion, is 
referred to herein as gate oxide. A conductive gate layer 
of metal, doped polysilicon, a silicide or combination 



thereof, is formed on the gate oxide layer 152. Then, the 
gate layer is patterned to define gates 154 using a suit- 
able definition technique such as are well known in semi- 
conductor manufacturing. Shallow trenches 156 are 
formed around the device perimeters, STI thereby defining 
device regions 158. Preferably, the STI trenches 156 are 
etched down through the ultra-thin channel layer 150, the 
thin insulating layer 148, the sacrificial layer 146 and the 
insulator layer 144 and etching into the silicon substrate 
layer 142. A thin insulator layer is formed over the gates 
154 and filling the shallow trenches 156. The thin insula- 
tor layer is anisotropically etched to form spacers 160 
alongside the gates 154 and with the STI trenches 156 
still filled with insulator. 
[0030] Finally, a dopant, represented by arrows 162, is implanted 
into the polysilicon gates 154. The implant dopes portions 
164 of the sacrificial layer 146 at either side of the 
polysilicon gates 154. Preferably, the dopant 162 may be 
boron, preferably, implanted at 20KeV/10 15 or, BF 2 im- 
planted at 100KeV/10 15 . Then, the wafer is annealed 
(preferably at 900 - 1000°C for 5-10 seconds) to acti- 
vate the boron dopant in the sacrificial Iayerl46. Option- 
ally, the dopant implant 162 may be done before forming 



thicker spacers 160 if thicker spacers 160 are necessary, 
e.g., to better the surface layer 150 from the sides when 
underlying material is removed in subsequent steps. A 
two step implant may be used to recess the source/drain 
regions 114 and extensions 118 of the FET 104 in Figure 
1C. First, prior to forming spacers 160, boron can be im- 
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planted at low energy, e.g., 7KeV/(5*10 ) or, BF 2 can be 
implanted at 35KeV/(5*10 1 4 ). Then, spacers 160 are 
formed and boron is implanted at a higher energy, e.g., 
20KeV/10 15 or, BF 2 can be implanted at 100KeV/10 15 . 
[0031] Next, Figures 5A - C show an example of the step 126 in 
Figure 2 of defining the source/drain recess areas 164 
and, as a result, the ultra-thin channels. Figure 5A shows 
a plan view with cross sections through BB and CC shown 
in Figures 5B and 5C, respectively. First, using a selective 
etch, e.g., reactive-ion-etch (RIE), orifices 165 are opened 
at both ends of the device areas 158 through to the sili- 
con substrate layer 142. Next, a wet etch is used to re- 
move the oxide layer 144 under the sacrificial layer, which 
partially forms a void 166 below the sacrificial layer. A 
thin protective layer 167, preferably oxide, is directionally 
deposited on the upper wafer surface 168 to protect the 
ultra-thin layer 150. Using for example, high density 



plasma deposition (HDP), a thin oxide can be deposited 
only on the top of surface, leaving the bottom of layer 146 
free of oxide. Then, the undoped portion of the sacrificial 
layer is selectively etched away forming a gap 170 be- 
tween the doped portions 164. The undoped portion is 
etched using a selective etch with a much slower etch rate 
for boron doped silicon than for undoped material. Re- 
moving the undoped portion completes the void 166 and 
defines the channel 172 thereabove with source/drain ar- 
eas defined by remaining sacrificial portions 164. The 
channel 172 is embedded in the ultra-thin channel layer 
150 and contained from below by thin insulator layer 148 
and from above by gate oxide 152. If the above described 
two step dopant was followed to dope the sacrificial layer 
146, then, the cross-section of the doped portions 164, is 
substantially similar to the recessed source/drain regions 
114 of Figure 1C. 
[0032] Figures 6A - B show an example of the step 128 in Figure 
2 of undercutting the source/drain areas for forming re- 
cessed ESDs. The void 168 is filled with a low-k material 
such as oxide 174 to reduce short channel effects. Then, 
any excess oxide is etched back, preferably to expose the 
sides of sacrificial layer portions 164. Next, arsenic, rep- 



resented by arrows 176 is implanted into the sacrificial 
layer portions 164 at a dose sufficient that the sacrificial 
layer portions 164 are converted from p-type (p+) to n- 
type (n+). Another thin layer oxide 177 is directionally 
deposited using HDP to protect the polysilicon gate 154 
and surface layer 150. The wafer is annealed to convert 
the p-type portions 164 to n-type, preferably, with a car- 
rier concentration of at least 10 20 per cubic centimeter 
(cm 3 ). Then, a selective wet etch with a faster etch rate for 
n-doped material than for undoped material is used to re- 
move the n-type portions 164, partially forming a source/ 
drain undercut 178 at each end of the channel 172. Op- 
tionally, oxide 174 is removed, slightly, to extend the 
source/drain voids 178 under either side of the gate 154 
as in the example of FET 102 in Figure IB or FET 104 in 
Figure 4C. Preferably, this is done by slightly changing the 
boron implant (162 in Figure 4B) tilt angle, angling the 
boron inward towards both sides of the gate. Alterna- 
tively, however, oxide 174 may be etched slightly, al- 
though typically, it is harder to control etching, especially 
under a gate. Preferably, the wet etch also removes bond- 
ing layer 148 above the former location of n-type portions 
164 to complete the source/drain undercuts 178. Alter- 



nately, however, the exposed (by removal of the n-type 
portions 164') portions of the bonding layer are removed 
with a suitable additional wet etch to complete the 
source/drain undercuts 178. 

[0033] Figure 7 shows an example of filling source/drain voids 
178 to form the recessed source/drain extensions 180, 
step 130 in Figure 2. Preferably, silicon is selectively epi- 
taxially grown to fill the source/drain undercuts 178, thus 
forming a self aligned device with recessed source/drain 
and extension areas 180 at each end of the channel 172. 
In Figure 8, after a wet etch is used strip away the remain- 
ing protective layer 167, completing the device for subse- 
quent typical semiconductor processing steps, e.g., im- 
planting n-type and p-type source/drain diffusion, metal- 
lization and etc. 

[0034] Advantageously, a preferred embodiment FET is self 

aligned with external series resistance and parasitic ca- 
pacitance minimized. Further, the present invention has 
application to ultra-thin SOI, as the ultra-thin surface sili- 
con layer is thinned to lOnm and beyond and as device 
channel lengths shrink below 40nm. Also, the preferred 
device structure is such that the device operates with 
lower effective fields, which allows higher carrier mobility 



and, correspondingly, higher channel current. In addition, 
preferred embodiment ultra-thin SOI devices have im- 
proved short channel effect characteristics including a 
steeper subthreshold current swing for improved perfor- 
mance. Further, preferred embodiment devices achieve 
this without the channel resistance and parasitic capaci- 
tance penalties incurred with prior art devices. 
[0035] while the invention has been described in terms of pre- 
ferred embodiments, those skilled in the art will recognize 
that the invention can be practiced with modification 
within the spirit and scope of the appended claims. 



